Abstract-It has been revealed that direct sequence code-division multiple access (DS-CDMA) can achieve a good bit-error rate (BER) performance, comparable to multicarrier CDMA (MC-CDMA), by using coherent frequency-domain equalization (FDE) instead of coherent Rake combining. However, coherent FDE requires accurate channel estimation. Pilot-assisted channel estimation is a practical solution, but its accuracy is sensitive to the Doppler spread. In this paper, a frequency-domain differential encoding and detection scheme is proposed for a DS-CDMA mobile radio. Joint frequency-domain differential detection and equalization (FDDDE) based on minimum mean-square error (MMSE) criterion is presented, where a simple decision feedback filter is used to provide a reliable reference signal for MMSE-FDDDE. Also presented is an approximate BER analysis. 
I. INTRODUCTION
T HE INCREASING demand for broadband services requires future wireless communication systems to support very high transmission rates of up to nearly 100 Mb/s [1] . However, the frequency-selective multipath fading, encountered in a broadband wireless communication system, severely degrades the bit-error rate (BER) performance [2] , [3] . In direct sequence code-division multiple-access systems (DS-CDMA) [4] , coherent Rake combining can exploit the channel frequency-selectivity through the path-diversity effect to improve the BER performance [5] . However, due to an excessive number of resolvable multiple paths in a broadband wireless channel, the complexity of coherent Rake combining increases greatly; furthermore, the BER performance degrades because a severe interpath interference (IPI) offsets the obtainable path-diversity effect by using coherent Rake combining [5] . Recently, multicarrier CDMA (MC-CDMA) [6] - [9] , which is the combination of orthogonal frequency-division multiplexing (OFDM) and CDMA, has been attracting much attention. In MC-CDMA, the data symbol to be transmitted is spread over a number of subcarriers; hence, the frequency-diversity gain can be attained by using coherent frequency-domain equalization (FDE) [9] . Quite recently, coherent FDE has drawn a lot of interest in single-carrier wireless transmission [10] . DS-CDMA is a family of the single-carrier transmission (DS-CDMA is sometimes called single-carrier CDMA) and FDE can also be applied to it. It has been found [11] that coherent FDE is more effective than coherent Rake combining for the reception of DS-CDMA signals in a frequency-selective fading channel. Both the theoretical analysis and computer simulations have shown [12] that coherent FDE based on minimum mean-square error (MMSE) criterion provides the best BER performance among zero forcing (ZF), maximal ratio combing (MRC), and MMSE [13] . The complexity of a coherent MMSE-FDE receiver is independent of the channel frequency selectivity, unlike that of the coherent Rake receiver; the use of coherent FDE can alleviate the complexity problem of the coherent Rake receiver, arising from too many paths in a severe frequency-selective fading channel. Coherent MMSE-FDE requires accurate channel estimation. However, in practical wireless communication systems, the BER performance suffers from channel estimation errors. Several pilot-assisted channel estimation schemes have been proposed so far for coherent FDE in the reception of MC-and DS-CDMA signals [14] - [16] , where the known pilot block is periodically transmitted. In order to acquire better tracking ability against fast fading, the pilot block transmission rate has to be increased, but this results in the loss of transmission efficiency. For applications like mobile radio, differential detection is sometimes preferable because of its simple implementation due to no requirement of channel estimation, but differential detection is inferior to that of coherent detection since a delayed version of the received noisy signal is used as the phase reference. However, in a fast-fading channel, differential detection is more attractive, where coherent detection becomes practically infeasible.
In this paper, a frequency-domain differential encoding and detection scheme is proposed for DS-CDMA mobile radio. Joint frequency-domain differential detection and equalization (FDDDE) is presented. A simple decision feedback filtering is used to provide the noise-reduced reference signal. The achievable BER performance of the proposed FDDDE is evaluated by computer simulation and is compared with that of coherent FDE in DS-CDMA. An approximate BER analysis is also presented. Coding, while desirable, is not necessary for combating frequency selectivity [17] . Therefore, in this paper, we focus on the uncoded case in order to show the potential performance of DS-CDMA using FDDDE in a frequency-selective fading channel. The proposed FDDDE can also be applied to MC-CDMA. A performance comparison between uncoded DSand MC-CDMA, both using FDDDE, is presented.
The remainder of this paper is organized as follows. Section II presents the transmission system model of DS-CDMA using FDDDE. Then, MMSE and ZF equalization weights are derived for FDDDE in Section III. An expression for the approximate conditional BER for the given set of channel gains is derived. Using the derived conditional BER expression, the approximate average BER is evaluated by the Monte Carlo numerical computation method in Section IV, which is confirmed by computer simulation. A performance comparison between uncoded DSand MC-CDMA is also presented in Section IV. Section V offers concluding remarks and future work.
II. SYSTEM MODEL
The DS-CDMA transmission system model is illustrated in Fig. 1 . We consider block transmissions of chips, where is the fast Fourier transform (FFT) block length for frequencydomain differential encoding. At a transmitter, the th datamodulated symbol to be transmitted during the th block is spread by the spreading sequence , with . The resultant th block spread chip sequence can be expressed as (1) for , where SF is the spreading factor and is the largest integer smaller than or equal to . Then, the -point FFT is applied to decompose the th block chip sequence into subcarrier components (hereafter, we use the terminology "subcarrier" instead of the frequency component). The th subcarrier component of the th chip block is given by (2) for . If is a random chip sequence, is also a random variable with zero mean and unity variance (3) where is the ensemble average operation. Block-by-block frequency-domain differential encoding at the th subcarrier is performed as follows: (4) with , where is the differentially encoded subcarrier component with . At , the reference (or pilot) chip block known to a receiver needs to be transmitted;
is the th subcarrier component of the known reference chip sequence. Then, the -point IFFT is applied to obtain the th block differentially encoded DS-CDMA signal in the time domain, which can be expressed as (5) for . In order to apply FFT at the receiver, it is necessary to insert the guard interval (GI) of chips at the beginning of each block, similarly to MC-CDMA [10] . The GI-inserted chip sequence of the th block can be expressed as (6) for , where is the average chip energy and is chip duration. In this paper, we assume the square-root Nyquist chipshaping filter at the transmitter and the same filter at the receiver as the chip-matched filter. Ideal chip sampling time is assumed at the receiver. Therefore, the chip-spaced discrete-time signal representation is used throughout the paper. Also assumed is a block-fading channel having independent propagation paths with chip-spaced time delays, , which means that the path gains remain constant over the one-block interval of ( ) chips, but they vary block by block according to the terminal movement. Also, the maximum time delay of the channel is assumed to be shorter than GI, i.e.,
. The channel impulse response for the reception of the th block can be expressed as [18] ( 7) where is the delta function and is the th path gain with .
The received signal is sampled at the chip rate to obtain [12] ( 8) where is the additive white Gaussian noise (AWGN) process with zero mean and a variance of ( being the single-sided power spectrum density). As shown in Fig. 1(b) , after removal of GI, the -point FFT is applied and the received signal sequence is decomposed into subcarrier components (9) where is the channel gain at the th subcarrier with and is the noise component with zero-mean and a variance of [3] . They are given by (10) Subcarrier-by-subcarrier FDDDE is performed as (11) where acts as the reference signal for differential detection as well as an equalization weight, which is derived in Section III. Then, the -point IFFT is applied to obtain the time-domain chip sequence (12) Finally, despreading is carried out to get the decision variable for the detection of (13) based on which data demodulation is performed to obtain .
III. DERIVATION OF FDDDE WEIGHTS
The set of FDDDE weights is derived according to the MMSE criterion [3] . Substituting (4) and (9) into (11), can be expressed as (14) We define the equalization error for the th subcarrier component of the th block signal as (15) The mean-square error for the given set of and is derived as (16) The set of weights that satisfies is the optimum one in the MMSE sense [3] and is given by for MMSE (17) Similarly, we can derive the set of FDDDE weights satisfying the zero-forcing (ZF) criterion [3] , that is for ZF (18) However, is not known to the receiver. Assuming a very slow fading (i.e., ), we replace by . From (4), we have . Hence, can be replaced by , where is the th subcarrier component of the previous chip block obtained by the feedback of . Consequently, we have the following weight:
for MMSE for ZF (19) where (20) Since is noisy, we apply infinite impulse response (IIR) filtering [19] - [21] with decision feedback of past chip blocks [22] , [23] . Using and from (4), we have (21) for , where ( ) is the forgetting factor. in (19) is replaced by the filter output to improve the reliability of the FDDDE weight. In (21), , where is the th subcarrier component of the received reference signal. The FDDDE weight using decision feedback IIR filtering can be given by for MMSE FDDDE for ZF FDDDE (22) is an important design parameter to determine the tracking ability against fading [22] . The optimum value of depends on the channel condition. By letting , the noise contribution can be sufficiently suppressed, but the tracking ability against fading tends to be lost. As the fading becomes faster, should be smaller to better track the fading variations. The noise reduction and fading tracking ability are in a tradeoff relationship. Assuming a very slow fading (i.e.,
) and perfect decision feedback (the decision error probability is negligible), we have (23) for large . Assuming , we get, from (4)
then we obtain, from (23)
Therefore, can be approximated as (26) for ZF-FDDDE. This suggests that acts as the reference signal for differential detection as well as an equalization weight.
IV. APPROXIMATE BER ANALYSIS
The FDDDE output , given by (11), can be rewritten as (27) where (28) Substituting (27) into (12), the time-domain chip sequence obtained by the -point IFFT after joint differential detection and equalization is given by (29) where the first term represents the desired signal component, the second is the interchip interference (ICI), and the third is the equivalent noise component. Substituting (29) into (13), the decision variable is given by
where the first term represents the desired data symbol and the second and third terms are the ICI and the noise after despreading due to the AWGN, respectively. and are given by (31), shown at the bottom of the page. By approximating as a zero-mean complex-valued Gaussian variable, the sum of and can be treated as a new zero-mean complex-valued Gaussian noise . The variance of is the sum of those of and
where we have (33), shown at the bottom of the page, for the given set of and . The substitution of (28) and (33) into (32) gives (34) In the following analysis, an expression is derived for the approximate conditional BER. Incorrect decision feedback produces the error propagation. An exact BER analysis taking into account the error propagation is very difficult, if not impossible. First, we derive the approximate conditional BER due to the AWGN plus ICI, assuming no noise contribution in the reference signal like (23) . Then, we obtain the approximate conditional BER taking into account the error propagation due to decision feedback. We assume QPSK data modulation and assume all "1" transmission (i.e., ) without loss of generality. Since ICI can be assumed to be circularly symmetric, the conditional BER due to the AWGN plus ICI for the given set of and can be expressed as (35) where is the complementary error function and we have (36), as shown at the bottom of the page, where is the average symbol energy-to-AWGN power spectrum density ratio. Assuming a very slow fading and perfect decision feedback as in (23), we have (37) Then, the FDDDE weight is given by (38) with for ZF and for MMSE. Substituting (38) into (36) and using (35), the approximate conditional BER due to the AWGN plus ICI is obtained.
However, feeding back the past-detected symbols causes error propagation [22] , [23] . According to [23] , once a decision error is produced due to the AWGN plus ICI, the next decision error is most likely incorrect, but the decision error may not propagate further. In DS-CDMA with FDDDE using decision feedback, the detected symbol sequence of the th block is respread to generate the chip sequence replica for obtaining . Hence, a symbol error produced by the AWGN plus ICI is spread over all subcarriers. As a consequence, a decision error produced in the th block likely results in symbol errors in the th block. Therefore, the approximate conditional BER, taking into account the error propagation, is given by (39)
The approximate average BER can be numerically evaluated by averaging (39) over and .
(33) (36) 
V. NUMERICAL AND SIMULATION RESULTS
The numerical and computer simulation conditions are shown in Table I . An -path frequency-selective block Rayleigh fading channel having uniform power delay profile (i.e., for all and ) is assumed. The th path time delay is assumed to be chips and . The numerical evaluation of the theoretical approximate BER is done by the Monte Carlo numerical computation method as follows. The set of path gains and is generated to obtain and using (10) and then using (38). The approximate conditional BER for the given average received is computed using (35) and (36). This is repeated a sufficient number of times to obtain the theoretical approximate average BER.
A. Impact of Forgetting Factor of Decision Feedback IIR Filtering
The theoretical and computer simulated BER performances for FDDDE using ZF and MMSE are plotted in Fig. 2 for , and as a function of the average received bit energy to the AWGN power spectrum density ratio , which is defined as for QPSK data modulation. is assumed, where is the maximum Doppler frequency and is the block duration. First, a performance comparison between ZF-and MMSE-FDDDE is shown for in Fig. 2(a) . ZF yields much worse performance than MMSE, similar to the case of coherent FDE [12] . It can be seen that, for MMSE-FDDDE, there is an optimum that minimizes the BER at each . For a smaller value of , the noise reduction becomes less, but the tracking ability against fading increases.
is shown to give an overall good BER performance over a wide range of values for ; while and give an overall good BER performance for and , respectively. Although there is a gap between theoretical and computer simulation results, the simulated BER performance using suitable is close to the theoretically predicted approximate BER performance. This validates our analysis of the conditional BER taking into account the error propagation. However, for large values of SF, there is a gap between the theoretical and computer simulation results. This is because the symbol energy is spread over a large number of chips resulting in low chip energy; therefore, the neglect of the noise contribution in leads to a large deviation of the approximate BER performance from the computer simulation results (for the approximate BER analysis in Section IV, the noise contribution in is neglected; meanwhile, in the computer simulation, the noise contribution in is considered).
B. Comparison With Pilot-Assisted Coherent FDE
The BER performance of MMSE-FDDDE is compared with that of coherent MMSE-FDE (no differential encoding is used) for different values of SF. As shown in Section V-A, the forgetting factor that gives an overall good BER performance over a wide range of values was found to be , and when for and , respectively. Coherent FDE requires channel estimation. In the computer simulation, we use pilot-assisted channel estimation, where pilot chip blocks are periodically transmitted, followed by data chip blocks. The pilot-assisted channel estimation used in the computer simulation is described in Appendix A. The simulated BER performances of MMSE-FDDDE and coherent MMSE-FDE are plotted in Fig. 3 . and (4,15) are used for coherent MMSE-FDE. As increases, the BER performance with coherent MMSE-FDE improves and approaches that of ideal channel estimation. Our proposed FDDDE can get close to coherent FDE with and better than that with for high values. Fig. 4 shows the impact of the fading rate on the BERs achieved by MMSE-FDDDE and coherent MMSE-FDE for dB and . , and are used for coherent MMSE-FDE. It can be seen from Fig. 4 that as the value increases (or fading becomes faster), coherent FDE tends to lose the tracking ability, thereby resulting in significant performance degradation. Although FDDDE is inferior to coherent FDE for small values, it is superior for large values. 
C. Comparison With MC-CDMA
The proposed FDDDE can also be applied to differentially encoded MC-CDMA, which is described in Appendix B. The simulated BER performances of uncoded DSand MC-CDMA both using MMSE-FDDDE are plotted in Fig. 5 for . It can be seen that, similar to coherent MMSE-FDE [12] , DS-CDMA with MMSE-FDDDE achieves better BER performance than MC-CDMA with MMSE-FDDDE when . The reason for this is discussed as follows. Since, in DS-CDMA, each data symbol is always spread over all subcarriers, a full frequency-diversity effect can always be obtained, and hence a good BER performance is achieved irrespective of SF. However, the BER performance of MC-CDMA depends on SF. When , in MC-CDMA, each data symbol is spread over fewer numbers of subcarriers, hence the frequency-diversity effect becomes smaller; therefore, the BER performance degrades and becomes inferior to that of DS-CDMA. However, when SF is equal to the number of subcarriers, the BER performance of MC-CDMA becomes the same as that of DS-CDMA, since the frequency-diversity effect can be fully exploited. For comparison, the BER performance with coherent MMSE-FDE using is also plotted in Fig. 5 . Although MMSE-FDDDE is inferior to coherent MMSE-FDE, the BER with MMSE-FDDDE approaches that of coherent MMSE-FDE as the becomes larger for both DS-and MC-CDMA when . The DS-CDMA signal amplitude after frequency-domain differential encoding is not any more constant. Large amplitude fluctuations may appear in the transmitted signal waveform, similar to MC-CDMA. The statistical property of amplitude variations in terms of peak-to-average power ratio (PAPR) is investigated. The PAPR of the th block transmitted signal in (5) is defined as the ratio of the instantaneous peak power to the ensemble average power PAPR
for . The PAPR is a random variable. We measured the PAPRs of more than one million blocks and computed the probability distribution of the PAPR [24] , [25] . The probability of PAPR exceeding a certain level is plotted in Fig. 6 . It is seen that the frequency-domain differentially encoded DS-CDMA signal has almost the same PAPR distribution as MC-CDMA signal.
In this paper, we have shown that the differential encoding and detection can also be applied to DS-CDMA in a frequencyselective fading channel; however, this is only possible at the cost of increased PAPR. 
VI. CONCLUSION
In this paper, a frequency-domain differential encoding and detection was proposed for DS-CDMA signal transmission in a frequency-selective fading channel. Joint FDDDE based on MMSE criterion was presented. It was confirmed by the approximate BER analysis and computer simulation that the proposed MMSE-FDDDE is very robust against the Doppler spread and outperforms coherent MMSE-FDE for large Doppler spreads. The proposed FDDDE can also be applied to MC-CDMA. In this paper, we have considered uncoded DS-and MC-CDMA. The performance comparison between uncoded DS-and MC-CDMA, both using MMSE-FDDDE, has shown that DS-CDMA achieves better BER performance than MC-CDMA when , due to the larger frequency-diversity effect of DS-CDMA. Channel coding can improve significantly the BER performance for both DS-and MC-CDMA. The coding gain for both systems may depend on the modulation level (e.g., QPSK, 16QAM, and 64QAM), channel frequency-selectivity, etc. [27] . Performance analysis of coded DS-and MC-CDMA with higher level modulation is an important issue and is left as an interesting future study.
In this paper, the BER performance of the single user case was only evaluated. Based on the Gaussian approximation of the multiuser interference (MUI), the BER performance in a multiuser environment can be predicted using the BER performance of the single user case (see Appendix C). However, the Gaussian approximation of the MUI becomes inaccurate as the number of users becomes small. We would like to leave the detailed performance analysis in a multiuser environment for a future study.
APPENDIX A PILOT-ASSISTED CHANNEL ESTIMATION FOR COHERENT FDE
For pilot-assisted channel estimation, pilot chip blocks are periodically transmitted every data chip blocks. The initial channel estimate can be obtained by removing the pilot modulation from . This is done by multiplying with the complex conjugate of pilot subcarrier component , i.e., . However, is perturbed by the AWGN. To suppress the noise, the delay-time domain windowing technique [15] , [16] is applied. Here, the -point IFFT is first applied to noisy estimate to obtain the noisy channel impulse response . In general, the number of paths and their time delays are unknown to the receiver. The GI is set such that the channel impulse response is present only within the GI length, but the noise due to the AWGN is present over the entire range, so the noise effect can be suppressed by replacing beyond the GI with zero (or zero padding). Then, after applying -point FFT, the improved estimate is obtained, where . Further improved channel estimation can be achieved by averaging estimates as follows:
The coherent FDE weight is given by (A2) with for ZF and for MMSE. is used for coherent FDE of the th block when . With decreasing , the tracking ability against fading improves, but the energy loss due to the insertion of pilot chip blocks, given by dB, becomes larger. The variance of is given by (B9)
In the following, an approximate conditional BER taking into account the decision feedback is derived. Assuming the perfect decision feedback and no noise contribution, we have as (B10) Therefore, the FDDDE weight is given by (B11)
The approximate conditional BER due to the AWGN for MC-CDMA, corresponding to (34) for DS-CDMA, is given by
where we obtain (B13), shown at the bottom of the page. Due to the employment of decision feedback IIR filtering, decision error in the previous block causes error propagation. In DS-CDMA, a decision error spreads over all subcarriers, while in MC-CDMA, subcarriers belonging to the data symbol in error are only affected. Therefore, double symbol errors are likely produced when decision feedback filtering is used [22] , [23] . Therefore, substituting (B11) into (B13) and using (B12), the approximate conditional BER of MC-CDMA is given by (B14) The approximate average BER can be numerically evaluated by averaging (B14) over and .
APPENDIX C PREDICTION OF BER PERFORMANCE IN
A MULTIUSER ENVIRONMENT
In the case of uplink (mobile-to-base station), the differentially encoded DS-CDMA signals of different users pass through different frequency-selective channels and the sum of different users' signals and the noise due to AWGN is received at a base station. Thereby, the resulting multiuser interference (MUI) degrades the BER performance. The BER performance in the presence of MUI can be predicted using the BER performance of the single user case obtained in this paper. For a large number of users, the MUI from multiple users can be approximated as a Gaussian noise according to the central limit theorem. Hence, the sum of MUI and the noise can be treated as a new complex Gaussian noise [26] . The MUI plus noise power spectrum density is given by (C1)
for QPSK data modulation, where is the AWGN, is the bit energy, and is the number of active users. The signal energy-to-MUI plus noise power spectrum density ratio is given by (C2) Accordingly, the BER at in a multiuser environment can be approximately given by the BER at (B13) in the single user case. Therefore, based on the Gaussian approximation of the MUI, we can predict the BER performance in a multiuser environment using our simulation results in the paper. However, if becomes small, the Gaussian approximation of MUI becomes inaccurate and the predicted BER performance may deviate from the exact performance.
